Recent studies identified the adaptor protein Ajuba as a positive regulator of Yes-associated protein (YAP) oncogenic activity through inhibiting large tumor suppressor (Lats1/2) core kinases of the Hippo pathway, a signaling pathway that plays important roles in cancer. In this study, we define a novel mechanism for phospho-regulation of Ajuba in mitosis and its biological significance in cancer. We found that Ajuba is phosphorylated in vitro and in vivo by cyclin-dependent kinase 1 (CDK1) at Ser 119 and Ser 175 during the G2/M phase of the cell cycle. Mitotic phosphorylation of Ajuba controls the expression of multiple cell cycle regulators; however, it does not affect Hippo signaling activity, nor does it induce epithelial-mesenchymal transition. We further showed that mitotic phosphorylation of Ajuba is sufficient to promote cell proliferation and anchorage-independent growth in vitro and tumorigenesis in vivo. Collectively, our discoveries reveal a previously unrecognized mechanism for Ajuba regulation in mitosis and its role in tumorigenesis.
receptor, Wnt/␤-catenin, TGF-␤/SMAD, EGF, Notch, Hedgehog, and KRas/MAPK pathways (16) .
A previous study identified Drosophila jub (orthologous to Ajuba proteins in mammals) as a negative regulator of the Hippo pathway (17) . Djub promotes Yki (Drosophila ortholog of YAP/TAZ) activation through interacting with, and inhibiting, Warts (Drosophila ortholog of Lats1/2) kinase, and this function/mechanism appears to be conserved in mammalian cells (17) . Subsequent studies revealed that Ajuba functions as an adaptor protein that links EGFR-MAPK signaling to the Hippo pathway in both Drosophila and mammals (18) . Furthermore, Djub/Ajuba are also required for JNK-mediated activation of Yki/YAP, implying a conserved link between JNK signaling and Hippo pathways (19) . Interestingly, cytoskeletal tension modulates organ growth through Yki in a Djub-dependent manner in Drosophila, although such a link in mammalian cells has not been identified (20) .
Ajuba family proteins, including Ajuba, LIM-domain containing protein 1 (LIMD1), and Wilms tumor 1 interacting protein (WTIP), are adaptor/scaffold proteins with three LIM domains at their C termini. The LIM domains interact with other proteins in various subcellular locations to exert the biological functions of Ajuba proteins (21) . The Ajuba family is involved in many cellular processes such as cell-cell adhesion, gene transcription, cell proliferation, cell migration, and mitosis/cytokinesis (21) . Interestingly, several studies also suggest that Ajuba family proteins function as potential tumor suppressors or oncoproteins (22) (23) (24) (25) (26) . Some reports indicate that Ajuba is a critical member of the mitotic machinery. For example, Ajuba activates Aurora-A kinase to recruit the CDK1-cyclin B complex to centrosomes, and it contributes to mitotic entry (27) . Similarly, Ajuba associates with Lats2 at centrosomes during mitosis and regulates the integrity of the spindle apparatus (28) . Ajuba is also a microtubule-associated protein and plays a role in metaphase-anaphase transition through interactions with Aurora-B and BubR1 at kinetochores (29) . Collectively, these studies suggest an important role of Ajuba in mitosis, and indicate that Ajuba may exert its oncogenic or tumor suppressive function via dysregulation of mitosis. Ajuba has been observed to be phosphorylated by Aurora-A (27) and Lats2 (28) in mitosis; however, the phosphorylation site(s) and its biological function have remained elusive.
We have recently investigated how the Hippo pathway (core members and their regulators) is regulated in mitosis. We have shown that KIBRA (an upstream regulator of the Hippo pathway) (30, 31) , YAP (12, 13) , and TAZ (15) are phosphorylated by mitotic kinases. Importantly, mitotic phosphorylation of YAP/ TAZ is critical for proper mitotic progression and for their oncogenic activity in cancer cells (12, 13, 15) . These studies prompted us to further examine whether other components or regulators of the Hippo pathway are regulated by phosphorylation during mitosis. In this study, we found that many of the Hippo members/regulators, including Ajuba, are indeed phosphorylated during antimitotic drug-induced G2/M phase arrest. We characterized the phospho-regulation of Ajuba in mitosis, and identified CDK1 as a major kinase for mitotic phosphorylation of Ajuba. We further examined the functional significance of the phosphorylation and found that mitotic phosphorylation promotes the oncogenic activity of Ajuba independently of the Hippo pathway, suggesting a novel mechanism that regulates Ajuba in cancer cells.
Results
Ajuba Family Proteins Are Phosphorylated during Antimitotic Drug-induced G2/M Arrest-To further explore whether members of the Hippo pathway are regulated by phosphorylation during mitosis, we examined the phosphorylation status of the Hippo pathway proteins during G2/M arrest induced by Taxol or Nocodazole. As shown in Fig. 1A , consistent with previous reports, there was a dramatic up-shift of Lats1 and Lats2 mobility (due to mitotic phosphorylation) (32) during Taxol or Nocodazole treatment ( Fig. 1A ). As expected, the mobility of KIBRA, YAP, and TAZ were all significantly retarded due to phosphorylation during G2/M arrest ( Fig. 1A) (12, 15, 30, 31) . Taxol or Nocodazole treatment did not cause any evident change in the mobility/phosphorylation for PTPN14, NF2, or EX (which are all upstream regulators of the Hippo-YAP pathway), for WW45 or TEAD1 ( Fig. 1A) . Interestingly, Mst2, but not Mst1, was phosphorylated during G2/M arrest ( Fig. 1A) . One of the most prominent changes we observed was the striking mobility up-shift of the Ajuba and Zyxin family proteins including Ajuba, LIMD1, and Zyxin (Fig. 1A) . In this study, we have chosen to focus on Ajuba, and so we further investigated its phosphorylation status. -Phosphatase treatment completely converted all slow-migrating bands to fast-migrating bands, confirming that the mobility shift of Ajuba during G2/M arrest is caused by phosphorylation ( Fig. 1B) .
Identification of the Corresponding Kinase for Ajuba Phosphorylation-Next, we used various kinase inhibitors to identify the candidate kinase for Ajuba phosphorylation. In contrast to the findings in a previous study (27) , our data demonstrated that inhibition of Aurora-A (with MK5108) or Aurora-A, -B, and -C (with VX680) kinases only mildly reduced Ajuba phosphorylation (Fig. 1C ). Addition of BI2536 (an inhib- itor for mitotic kinase Plk1) had no effect on the Ajuba mobility shift/phosphorylation (Fig. 1C ). Interestingly, treatments with RO3306 (CDK1 inhibitor), Roscovitine (inhibits CDK1/2/5), or Purvalanol A (CDK1/2/5 inhibitor) almost completely reverted the mobility shift/phosphorylation (Fig. 1C, lanes 7-9) . CDK1 is a well known mitotic kinase. These data suggest that CDK1 is likely the corresponding kinase for Ajuba phosphorylation induced by Taxol or Nocodazole treatments. Inhibition of MEK-ERK kinases (with U0126), p38 (with SB203580), GSK-3␤ (with SB216763), mechanistic target of rapamycin (with rapamycin), PI-3K (with LY294002), or Akt (MK2206) failed to alter the phosphorylation of Ajuba during G2/M arrest (data not shown). CDK1 Phosphorylates Ajuba in Vitro-To determine whether CDK1 kinase can directly phosphorylate Ajuba, we performed in vitro kinase assays with His-tagged Ajuba proteins as substrates. Fig. 2A shows that Taxol-treated mitotic lysates robustly phosphorylated Ajuba and that addition of RO3306 or Purvalanol A greatly reduced phosphorylation of His-Ajuba ( Fig. 2A ). As expected, purified CDK1-cyclin B kinase complex phosphorylated His-Ajuba proteins in vitro (Fig. 2B ). These results indicate that CDK1 directly phosphorylates Ajuba in vitro.
CDK1-Cyclin B Complex Phosphorylates Ajuba at Ser 119 in Vitro and in Cells-CDK1 phosphorylates substrates at a minimal proline-directed consensus sequence (33) . Ajuba contains a total of 6 (S/T)P motifs (Thr 30 , Ser 119 , Ser 137 , Ser 175 , Ser 196 , and Ser 237 ). Interestingly, two of them (Ser 119 and Ser 175 ) were identified as mitotic phosphorylation sites by previous phosphoproteomic studies (34) and mutating these two sites to alanine abolished the 32 P incorporation in His-Ajuba, suggesting that Ser 119 and Ser 175 are the main CDK1 sites in Ajuba in vitro (Fig.  2C ). Ser 119 and Ser 175 are highly conserved in vertebrates ( Fig. 2D ). Therefore, these two sites were chosen for further study. 2A, S119A/S175A. D, conservation of the mitotic phosphorylation sites of Ajuba. E, in vitro kinase assays were done as in B except anti-phospho-Ajuba Ser 119 antibodies were used. F, HeLa cells were treated with Taxol together with or without various kinase inhibitors as indicated. Inhibitors were added (with MG132 to prevent cyclin B from degradation and cells from exiting from mitosis) 1 h before harvesting the cells. Total cell lysates were subjected to Western blotting with the indicated antibodies. G, RKO colon cancer cells expressing Tet-control shRNA or Tet-shRNA Ajuba (#1 and #2) in the presence of doxycycline (1 g/ml for 2 days) were treated with (ϩ) or without (Ϫ) Taxol and total cell lysates were subjected to Western blotting with the indicated antibodies. H, HEK293T cells were transfected with GFP-Ajuba or GFP-Ajuba mutants. At 32 h post-transfection, the cells were treated with Taxol for 16 h. The immunoprecipitates (with GFP antibodies) were probed with anti-phospho-Ajuba and subsequent anti-GFP antibodies. Total cell lysates before immunoprecipitation were also included (cyclin B and ␤-actin).
We have generated phospho-specific antibodies against Ser 119 and Ser 175 . In vitro kinase assays demonstrated that CDK1 readily phosphorylates Ajuba at Ser 119 ( Fig. 2E ). Very weak signal was detected when the phospho-Ser 175 antibody was used under these conditions (data not shown). Addition of RO3306 or mutating Ser 119 to alanine abolished the phosphorylation ( Fig. 2E ). These data suggest that CDK1 phosphorylates Ajuba at Ser 119 in vitro. Taxol treatment significantly increased the phosphorylation of Ser 119 on endogenous Ajuba (Fig. 2F ). Using inhibitors for CDK1 kinase, we demonstrated that phosphorylation of Ajuba Ser 119 is CDK1 kinase dependent (Fig. 2F ). The signal of Ajuba Ser 119 during Taxol treatment was significantly reduced in Ajuba knockdown cells, confirming the specificity of the phospho-Ser 119 antibody (Fig. 2G ). Taxol treatment also increased the phosphorylation of Ser 119 on transfected Ajuba, and the signal was abolished by mutating Ser 119 to alanine ( Fig. 2H ), suggesting that these antibodies specifically recognize phosphorylated Ajuba. Taken together, these observations indi-cate that Ajuba is phosphorylated at Ser 119 by CDK1 in cells during antimitotic drug-induced G2/M arrest.
CDK1/Cyclin B Mediates Ajuba Phosphorylation at Ser 119 and Ser 175 in Cells-We next performed immunofluoresence microscopy with these phospho-specific antibodies. Both antibodies against Ser 119 and Ser 175 detected strong signals in Nocodazole-arrested prometaphase cells ( Fig. 3 , A-C, white arrows). The signal was very low or not detectable in interphase cells ( Fig. 3 , A-C, yellow arrows). The specificity of the antibodies was further confirmed by peptide blocking assays. Phosphopeptide, but not control non-phosphopeptide, incubation completely blocked the signal, suggesting that these antibodies specifically recognize Ajuba only when it is phosphorylated (Fig. 3, A and B) . Again, addition of RO3306 or Purvalanol A largely diminished the signals detected by p-Ajuba Ser 119 and Ser 175 antibodies in Nocodazole-treated prometaphase cells, further indicating that the phosphorylation is CDK1 dependent (Fig. 3, A C p-Ajuba S119 p-Ajuba S175 p-H3 S10 10 um A ϫ63 oil objective lens was used to view fewer cells in a field. P-H3 S10 was used as a mitotic marker. White and yellow arrows mark some of the prometaphase cells and the interphase cells, respectively.
Ajuba Phosphorylation Occurs during Normal Mitosis-To determine whether phosphorylation of Ajuba occurs during normal mitosis, we collected samples from a double thymidine block and release (35) and performed immunofluoresence staining on cells in different cell-cycle phases. Consistent with Fig. 3 , a very weak signal was detected in interphase or cytokinesis cells (Fig. 4, A and B) . The p-Ajuba Ser 119 signal was increased in prophase and the strongest signals were detected in prometaphase/metaphase cells. The signals were then again weakened during telophase (Fig. 4, A and B) . Similar staining patterns were observed with p-Ajuba Ser 175 antibody (Fig. 4 , C and D). After being released from the double thymidine block, cells enter into mitosis at 10 -12 h revealed by increased phospho-H3 Ser 10 and the p-Ajuba Ser 119 signal was also increased in these cells (Fig. 4E) . These results indicate that Ajuba phosphorylation occurs dynamically during normal mitosis.
Mitotic Phosphorylation of Ajuba Impacts Cell Cycle Regulators Without Affecting YAP Activity-Ajuba was shown to affect the Hippo-YAP signaling activity through interacting with Lats1/2 kinase (17) (18) (19) . We confirmed that the association between Ajuba and Lats2 was readily detected (Fig. 5A ). Nonphosphorylatable (Ajuba-2A, S119A/S175A) or a phosphomimetic (Ajuba-2D, S119D/S175D) mutant has similar binding affinity with Lats2 as wild type Ajuba ( Fig. 5A ), suggesting that Ajuba phosphorylation does not impact its association with Lats2. YAP Ser 127 phosphorylation, Lats activity (revealed by phospho-Ser 909 ), and the levels of YAP and Lats proteins were not significantly altered when Ajuba was overexpressed (in HPNE, immortalized pancreatic epithelial cells) or knocked down (in RCA colon cancer cells) ( Fig. 5B ). Epithelial-mesenchymal transition is a critical process during development, wound healing, and stem cell behavior, and contributes pathologically to cancer progression and metastasis (36) . Several members of the Hippo-YAP signaling regulate epithelial-mesenchymal transition. However, manipulation of Ajuba expression failed to influence the expression of the epithelial-mesenchymal transition markers (Fig. 5B ). In line with these observations, the targets expression of YAP was not affected by Ajuba expression in HPNE and RCA cells (Fig. 5, C and D) . These results suggest that mitotic phosphorylation of Ajuba does not affect YAP activity and that Ajuba influences Hippo-YAP activity in a context-dependent manner. We further determined whether Ajuba/mitotic phosphorylation affects cell cycle regulators. Interestingly, several such genes' expression (including CDC25C, BUB1 and phosphorylated Wee1) were increased upon Ajuba knockdown in RCA cells (Fig. 5E ). Moreover, re-expression of wild type Ajuba, but not the Ajuba-2A mutant, rescued the phenotype (Fig. 5E ). These observations suggest that Ajuba and its phosphorylation may have a role in cell cycle progression through regulating the expression of cell cycle regulators.
Mitotic Phosphorylation of Ajuba Is Required for Cell Proliferation and Anchorage-independent Growth-Next we asked what is the biological significance of mitotic phosphorylation of Ajuba. To address this question, we first established HPNE cell lines stably expressing Ajuba or non-phosphorylatable Ajuba mutant (Ajuba-2A) (Fig. 6A) . Interestingly, overexpression of Ajuba significantly increased cell proliferation when compared with control cells. However, cells expressing Ajuba-2A proliferated at a rate similar to that of control cells, suggesting that mitotic phosphorylation of Ajuba promotes cell proliferation (Fig. 6B) . Ectopic expression of Ajuba (wild type or 2A or 2D) was not sufficient to stimulate anchorage-independent growth in soft agar in HPNE cells (data not shown).
We further determined the impact of mitotic phosphorylation of Ajuba in cancer cells. We established RCA cell lines in which the endogenous Ajuba was replaced with shRNA-resistant Ajuba or Ajuba-2A in a Tet-inducible manner (Fig. 6C) . Without doxycycline induction, these cell lines express similar levels of endogenous Ajuba proteins (Fig. 6C, left 4 lanes) and no proliferation or other differences were detected among these cells. Addition of doxycycline to the cell culture medium induced endogenous Ajuba knockdown and expression of shRNA-resistant Ajuba or its non-phosphorylatable mutant (Fig. 6C, right 4 lanes) . Consistent with the Ajuba overexpression results in HPNE cells, knockdown of Ajuba in RCA cells decreased proliferation, and importantly, expression of wild Total cell lysates before immunoprecipitation were also included (Input). B, total cell lysates from various HPNE and RCA cell lines as indicated were probed with the indicated antibodies. HPNE cells were stably transduced with vector, Ajuba, Ajuba-2A, or Ajuba-2D. Tet-On-inducible Ajuba-knockdown cell lines expressing shRNA-resistant Ajuba or Ajuba-2A in RCA colon cancer cells were also established (see "Experimental Procedures"). 2A, S119A/S175A; 2D, S119D/S175D. C and D, quantitative RT-PCR for CTGF and Cyr61 in cell lines established in B. E, total cell lysates were harvested from RCA cell lines established in B and were subjected to Western blotting analysis with various cell cycle regulators.
type Ajuba, but not the non-phosphorylatable mutant Ajuba-2A, completely rescued the cell proliferation defects (Fig. 6D ). Furthermore, Ajuba knockdown also significantly decreased anchorage-independent growth in soft agar, and again, re-expression of Ajuba-2A failed to rescue the defects, whereas wild type Ajuba did (Fig. 6, E and F) . These data suggest that mitotic phosphorylation is essential for Ajuba to promote cell proliferation and anchorage-independent growth. Mitotic Phosphorylation of Ajuba Is Required for Tumorigenesis-We next evaluated the influence of Ajuba and its mitotic phosphorylation on tumor growth in animals. RCA cells in which the endogenous Ajuba was replaced with shRNAresistant wild type Ajuba or Ajuba-2A (Fig. 6C) were subcutaneously inoculated into immunodeficient mice. Interestingly, tumors from mice harboring Ajuba-2A-expressing cells tended to be smaller when compared with those from mice injected with Ajuba-expressing cells (Fig. 7, A and B) . Histopathological examination revealed no significant differences among these tumors (Fig. 7C) . Consistent with Fig. 5E , CDC25C expression was higher in Ajuba-2A-expressing tumors than Ajuba-WT tumors (Fig. 7C ). Western blotting analysis confirmed the phosphorylation status of Ser 119 , and verified that Ajuba (wild type or 2A) expression levels were similar in most of these tumors (Fig.7D ).Theseresultssupportthehypothesisthatmitoticphosphorylation is essential for Ajuba-promoted tumor growth in vivo.
A previous report showed that Ajuba was up-regulated in colon cancer cell lines and tumors (22) . We further analyzed the expression of Ajuba in published data and confirmed that the mRNA levels of Ajuba were significantly increased in colon tumors compared with normal colon (Fig. 7, E-H) . Together, these observations indicate that Ajuba functions as a tumor- . Mitotic phosphorylation of Ajuba is required for cell proliferation and anchorage-independent growth. A, HPNE cells stably expressing vector, Ajuba, or Ajuba-2A were established, and expression of Ajuba and Ajunba-2A were confirmed by Western blotting. 2A, S119A/S175A. B, cell proliferation assays with transduced HPNE cells established in A. Data were expressed as the mean Ϯ S.D. of three independent experiments. ***, p Ͻ 0.001; *, p Ͻ 0.05 (Ajuba-WT versus Ajuba-2A) (t test). C, establishment of Tet-On-inducible Ajuba-knockdown cell lines expressing shRNA-resistant Ajuba or Ajuba-2A in RCA colon cancer cells (see "Experimental Procedures"). Cells were kept on Tet-approved FBS and doxycycline was added (1 g/ml) to the cells 2 days prior to the experiments. D, cell proliferation assays in RCA cells established in C in the presence of doxycycline (DOX). Data were expressed as the mean Ϯ S.D. of three independent experiments. Red asterisks mark the comparisons between shControl and shAjuba. Green asterisks indicate the comparisons between Tet-Ajuba-WT and Tet-Ajuba-2A. ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05 (t test). E and F, colony assays in soft agar to assess anchorage-independent growth of RCA cells established in C in the presence of doxycycline. Data were expressed as the mean Ϯ S.D. of three repeats (E) and representative images were shown (F). ***, p Ͻ 0.001; **, p Ͻ 0.01 (t test). JULY 8, 2016 • VOLUME 291 • NUMBER 28
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promoting regulator in colon cancer in a mitotic phosphorylation-dependent manner.
Discussion
Ajuba family proteins (Ajuba, LIMD1, and WTIP) play roles in various cellular processes, and one of the most studied areas is the role of Ajuba protein in mitosis. Ajuba is required for mitotic entry in coordination with Aurora-A kinase and is colocalized at centrosomes with Aurora-A, CDK1/cyclin B (27) , and Lats2 (28) during G2/mitosis. Interestingly, Ajuba protein became phosphorylated in mitotic cells; however, there are differing reports regarding the kinase that contributes to this mitotic phosphorylation. Hirota et al. (27) showed that Aurora-A directly phosphorylated Ajuba in vitro but did not investigate whether Ajuba phosphorylation is Aurora-A dependent in cells. Another report suggested that Lats2 contributed to Ajuba phosphorylation during mitosis (28) . The current study provided evidence that CDK1 is the major kinase responsible for Ajuba phosphorylation and that CDK1 phosphorylates Ajuba in vitro and in cells during mitosis, adding a new layer of regulation for Ajuba during mitosis. Our data do not exclude the possibility that Aurora-A and Lats2 kinases can phosphorylate Ajuba in cells as well. Future studies are needed to further define the mitotic phosphorylation (phosphorylation sites and their biological function) of Ajuba by Aurora-A and/or Lats2.
Of note, several large scale proteomic studies have identified Ser 119 and Ser 175 as mitotic phosphorylation sites and both sites fit the CDK1-phosphorylation consensus sequence (34) .
In Drosophila, Djub promotes cell proliferation and inhibits apoptosis by regulating Hippo-Yki activity (17) . Consistent with these observations, our data further confirm that Ajuba is a positive regulator for cell proliferation and anchorage-independent growth in pancreatic and colon cancer cells (Fig. 6 ). Furthermore, Ajuba also promotes migration and invasion in colon cancer cells (22) . Interestingly, whereas these studies clearly showed that Ajuba promotes cell proliferation, Ajuba was shown to suppress malignant mesothelioma cell proliferation (23), suggesting a cell type-specific role of Ajuba in cancer cells. In line with a role of Ajuba in cancer, recent large scale genomic studies found that the Ajuba gene is mutated in 7% of esophageal squamous cell carcinomas (24, 25) and Ajuba is overexpressed in colon cancer patients (22) . Our current study further demonstrates that mitotic phosphorylation of Ajuba by CDK1 is critical for its biological function, suggesting that there is a link between the role of Ajuba in cancer and its mitotic regulation and that Ajuba may exert its role in cancer through deregulation in mitosis. Together, these studies suggest that Ajuba may play a role in tumorigenesis, although further confirmation will require genetic animal models. Ajuba is not essential for embryo development and Ajuba knock-out mice have no obvious phenotypes (37) . These observations suggest that Ajuba may function as a fine regulator in tumorigenesis and needs an additional allele product to promote/inhibit tumor cell growth. However, knock-out of the Ajuba allele has not been combined with any other oncogenes or tumor suppressors including ones in the Hippo-YAP pathway. In addition, since there is functional redundancy and overlapping expression within the Ajuba family proteins (21) , clearly defining the biological role of Ajuba in tumorigenesis may be even more challenging.
Mitotic aberrations cause genomic/chromosome instability, which is characteristic of human malignancy (38) . Several reports showed that the Hippo pathway plays important roles in maintaining normal mitosis and suggest a mechanism through which the Hippo tumor suppressor pathway exerts its function. For example, loss of core tumor suppressors in the Hippo pathway (including Lats2, Mst1/2, Mob1, and WW45) leads to severe defects in multiple mitotic processes (39 -41) . Accordingly, we recently reported that overexpression of active YAP (12, 13) or TAZ (15) is sufficient to trigger mitotic defects, including centrosome amplification, spindle disorganization, chromosome misalignment, and subsequent aneuploidy. Interestingly, we also found that several Hippo core members (Lats1, Lats2, and Mst2) ( Fig. 1) or their upstream regulator (KIBRA) (30, 31) or downstream effectors (YAP and TAZ) (12, 13, 15) are phosphorylated during mitosis. Importantly, mitotic phosphorylation is critical for their oncogenic or tumor suppressive functions (12, 13, 15) . These observations suggest that in addition to their expression levels, the phosphorylation status of these proteins must also be finely controlled, adding another layer of regulation for Hippo-YAP activity during tumorigenesis. Such studies may provide additional insights into the underlying mechanisms of Hippo-YAP signaling in cancer. Thus, we extended our studies to other Hippo regulators and we found that the Ajuba/Zyxin family proteins (Ajuba, LIMD1, and Zyxin) are also phosphorylated during antimitotic drug-induced mitotic arrest ( Fig. 1) . Zxyin was previously shown to be phosphorylated and played a role in mitosis; however, the phosphorylation sites, corresponding kinase, and their functional significance remain elusive (42) . Although these proteins are structurally and functionally related, sites analogous to Ajuba Ser 119 and Ser 175 do not exist on LIMD1 and Zyxin. Additionally, the role of LIMD1 and its regulation in mitosis also remain to be defined. Addressing these questions will not only help understand the cellular function of these proteins in mitosis, but also provide insights into their biological significance and underlying mechanisms in cancer development.
Experimental Procedures
Cell Culture and Transfection-HEK293T, HEK293GP, and HeLa cell lines were purchased from American Type Culture Collection (ATCC) and cultured as ATCC instructed. HPNE cells were provided by Dr. Michel Ouellette (University of Nebraska Medical Center, who established and deposited this cell line at ATCC) and were cultured as described (43) . The cell lines were authenticated at ATCC and were used at low (Ͻ25) passages. The colon cancer cell line RCA was a gift from Dr.
Michael Brattain (University of Nebraska Medical Center) (44) and was maintained in minimal essential medium supplemented with 10% FBS and antibiotics. Attractene (Qiagen) was used for transient overexpression of proteins in HEK293T and HEK293GP cells following the manufacturer's instructions. Ectopic expression of Ajuba or its mutants in HPNE cells was achieved by a retrovirus-mediated approach. Retrovirus packaging, infection, and subsequent selection were done as we have described previously (45) . Nocodazole (100 ng/ml for 16 h) and Taxol (100 nM for 16 h) (Selleck Chemicals) were used to arrest cells in G2/M phase unless otherwise indicated. VX680 (Aurora-A, -B, and -C inhibitor), ZM447439 (Aurora-B, -C inhibitor), BI2536 (Plk1 inhibitor), Purvalanol A (CDK1/2/5 inhibitor), SB216763 (GSK-3␤ inhibitor), Rapamycin (mechanistic target of rapamycin inhibitor), and MK2206 (Akt inhibitor) were also from Selleck Chemicals. RO3306 (CDK1 inhibitor) and Roscovitine (CDK1/2/5 inhibitor) were from ENZO Life Sciences. MK5108 (Aurora-A inhibitor) was from Merck. Kinase inhibitors for MEK-ERK (with U0126), p38 (with SB203580), and PI-3K (with LY294002) were from LC Laboratory. All other chemicals were either from Sigma or ThermoFisher.
Expression Constructs-The human Ajuba cDNA clone (ID HSCD00323154) was obtained from Harvard Medical School. To make the retroviral or GFP-tagged Ajuba expression constructs, the above full-length cDNA was cloned into the MaRX TM IV (45) or pEGFP-C1 vector (Clontech), respectively. HA-FRMD6 (HA-EX) was made by cloning FRMD6 cDNA (46) into the pcDNA3.1-HA vector (45) . Myc-Lats2 has been described (45) . Point mutations were generated by the QuikChange Site-directed PCR mutagenesis kit (Stratagene) and verified by sequencing.
Tet-On-inducible Expression System-Tet-On-inducible shRNA vectors against Ajuba were purchased from GE Healthcare/Dharmacon (V3THS-343741). To make the shRNA-resistant (shR) Ajuba cDNA, the target sequence (5Ј-ACCGACTACCACAAAAATT-3Ј) was changed into 5Ј-ACg-GAtTAtCAtAAAAATT-3Ј by PCR mutagenesis. The mutated Ajuba cDNA was then cloned into the Tet-All vector (47) to generate a Tet-On-inducible shR-Ajuba construct. Ajuba down-regulation in RCA cells was achieved by lentivirus-mediated Ajuba shRNA expression in a doxycycline-dependent manner. Lentivirus generation and infection were performed as described with slight modifications (48) . The transduced cells were selected with puromycin (1 g/ml) to establish pooled cell lines. The cell line in which the lack of Ajuba expression was confirmed (Tet-inducible knockdown) was then used for transduction/infection with viruses expressing Tet-All-shR Ajuba or mutant constructs. Cells were maintained in medium containing Tet system-approved fetal bovine serum (Clontech Laboratories).
Quantitative Real-time PCR-Total RNA isolation, RNA reverse transcription, and quantitative real time-PCR were done as we have described previously (45) .
Recombinant Protein Purification and in Vitro Kinase Assay-The GST-tagged Ajuba (amino acids 2-240, cloned in pGEX-5X-1) proteins were bacterially expressed and purified on GSTrap FF affinity columns (GE Healthcare) following the manufacturer's instructions. To make His-tagged Ajuba (amino acids 2-468), the corresponding Ajuba cDNA was subcloned into the pET-28a vector (Novagen/EMD Chemicals). The proteins were expressed and purified on HisPur TM Cobalt spin columns (Pierce) following the manufacturer's instructions.
His-or GST-Ajuba (0.5-1 g) was incubated with 5-10 units of recombinant CDK1/cyclin B complex (New England Biolabs) or 50 -100 ng of CDK1/cyclin B (SignalChem) or HeLa cell total lysates (treated with DMSO or Taxol) in kinase buffer (New England Biolabs) in the presence of 5 Ci of [␥-32 P]ATP (3000 Ci/mmol, PerkinElmer Life Sciences). Phosphorylation ( 32 P incorporation) was visualized by autoradiography followed by Western blotting or detected by phospho-specific antibodies.
Antibodies-The polyclonal Ajuba antibodies (4897) from Cell Signaling Technology were used for Western blotting throughout the study. Rabbit polyclonal phospho-specific antibodies against human Ajuba Ser 119 and Ser 175 were generated and purified by AbMart. The peptides used for immunizing rabbits were TAPAL-pS-PRSSF (Ser 119 ) and DQRHG-pS-PL-PAG (Ser 175 ). The corresponding non-phosphorylated peptides were also synthesized and used for antibody purification and blocking assays. HA antibodies were from Sigma (H9658). Anti-␤-actin (SC-47778), anti-GFP (SC-9996), and anti-cyclin B (SC-752) antibodies were from Santa Cruz Biotechnology. Aurora-A (A300 -070A), glutathione S-transferase (GST) (A190 -122A), His (A190 -114A), Mst1 (A300 -465A), Mst2 (A300 -467A), Lats1 (A300 -478A), Aurora B (A300 -431A), BUB1 (A300 -373A), and BubR1 (A300 -386A) antibodies were from Bethyl Laboratories. Phospho-Thr 288 /Thr 232 /Thr 198 Aurora-A/B/C (2914), phospho-Ser 10 H3 (3377), phospho-Ser 127 YAP (4911), phospho-Ser 909 Lats1 (9157), Lats2 (5888), WW45 (3507), TAZ (4883), TEAD1 (12292), NF2 (6995), Vimentin (5741), E-cadherin (3195), PTPN14 (13808), LIMD1 (13245), Zyxin (3553), CDC25C (4688), CDK1 (9116), phospho-Tyr 15 CDK1 (9111), cyclin A (4656), cyclin E (4132), p53 (2527), MAD2 (4636), phospho-Ser 795 Rb (9301), and phospho-Ser 642 Wee1 (4910) antibodies were also from Cell Signaling Technology. The monoclonal antibody against KIBRA has been described (45) . Rabbit anti-␣-tubulin (Abcam, 15246) and mouse anti-␤-tubulin (Sigma, T5293) antibodies were used for immunofluorescence staining.
Phos-tag and Western Blot Analysis-Phos-tag TM was obtained from Wako Pure Chemical Industries, Ltd. (304-93521) and used at 20 M (with 100 M MnCl 2 ) in 6 or 8% SDS-acrylamide gels. Prior to transferring, the gels were equilibrated in transfer buffer containing 10 mM EDTA, two times, each for 10 min. The gels were then soaked in transfer buffer (without EDTA) for another 10 min. Western blotting, immunoprecipitation, and -phosphatase treatment assays were done as previously described (31) .
Immunofluorescence Staining and Confocal Microscopy-Cell fixation, permeabilization, fluorescence staining, and microscopy were done as previously described (35) . For peptide blocking, a protocol from the Abcam website was used, as we previously described (12) .
Colony Formation and Cell Proliferation Assays-Colony formation assays in soft agar were performed as described (43) . Cells (10,000/well) were seeded in a 6-well plate and colonies were counted by ImageJ online. For cell proliferation assays, cells (100,000/well) were seeded in a 6-well plate in triplicate. Cells were counted by a hemacytometer and proliferation curves were made based on the cell number in each well from three independent experiments.
Animal Studies-For in vivo xenograft studies, RCA cells (with Tet-shRNA-Ajuba) expressing Tet-All-shR-Ajuba or Tet-All-shR-Ajuba-2A (non-phosphorylatable mutant) (2.0 ϫ 10 6 cells each line) were subcutaneously injected into the left or right flank of 6-week-old male athymic nude mice (Ncr-nu/nu, Harlan). Ten animals were used per group. Tumor sizes were measured once a week using an electronic caliper starting at 3 weeks after injection (when tumors in the Ajuba-2A group are palpable). Tumor volume (V) was calculated by the formula: V ϭ 0.5 ϫ length ϫ width 2 (43) . Mice were euthanized at 6 weeks post-injection and the tumors were excised for subsequent analysis. The animals were housed in pathogen-free facilities. All animal experiments were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee.
Statistical Analysis-Statistical significance was analyzed using a two-tailed, unpaired Student's t test.
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